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receiving an input image

= 53071

aehazing the image Oy a dehazing moauie | 302
to output a dehazed RGE image

recovering image brightness of the dehazed
RGB image by an HDR module tooutputan - 5303
HUR image

| removing reflection of the HDR image by

- ReflectNet inference model, wherein the
ReflectNet inference model usesadeep [~ 5304
learning architecture
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IMAGE DEHAZING METHOD AND IMAGLE
DEHAZING APPARATUS USING THE SAME

TECHNICAL FIELD

The disclosure 1s directed to an 1mage dehazing method
and an 1mage dehazing apparatus using the same method.

BACKGROUND

Since the advent of 1maging device using a slit technique
that passes light to expose a silver chloride-coated paper
which could be darkened spatially according to traveling
light intensities, the utilization of imaging devices has
increased yearly as more and more end-users have become
patrons that may indirectly support advancement of imaging
device from static to dynamic image capturing (1.e. video
camera). From professional, scientific to consumer electron-
ics, the applicability of imaging devices has never been

broader than ever before. Supported with mass production
system, the cost of 1maging devices per pixel density has
lowered accordingly. These conditions have incubated the
strong presence of 1imaging devices (1.e. camera) for broader
applications 1n related fields of engineering.

With the increased capabilities of Internet-of-Things
(IoT) 1n consumer electronics, the development of autono-
mous driving vehicle (ADV) has become more relevant.
FIG. 1 illustrates an ADV that utilizes different imaging
sensors to sense the surrounding environments for obstacles.
One of the most prominent imaging devices in ADVs 1s the
Red Green Blue color (RGB) camera, which 1s able to
provide dense semantic or mstance information of surround-
ing environment within a limited field of view (FOV) of the
corresponding camera. This particular information would
provide essential data for actuators to achieve ADV’s main
target, that 1s, to move autonomously from one location to
another location, while avoiding object or obstacles within
surrounding trajectories’ predictions. Various processing
could be applied to 1image data such as object detection,
image segmentation, object tracking, depth estimation and
other related applications.

Aside from the capabilities of the subsequent processing
modules, perceived quality from the corresponding RGB
camera could affect the performance of said subsequent
processing modules.

Table 1 compares the properties of RGB cameras on
different environment constraints. According to Table 1,
RGB cameras are susceptible to interferences from light-
based or weather-based conditions. Since RGB cameras are
passive sensors, the image data 1s highly dependent to the
perceived traveling light signal into sensor array. Any air-
borme particulate or intermediary substance that would
attenuate/disperse the traveling light signal 1s considered as
decimating factors for RGB cameras.

TABLE 1
Constraints Properties Constraints Properties
Sensor Type Passive Weather Effect Mildly Sensitive
Lux Interference Highly Sensitive Field of View  Limited
Exposure Effect  Highly Sensitive  Resolution Dense

In the development of ADVs, diflerent weather conditions
are uncontrollable variable that would affect the image
quality of RGB cameras on certain degrees. Adverse weath-
ers on common scenarios for ADV development can be
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classified into: (a) sun-glare/direct-light exposure, (b) rainy/
snowy condition and (¢) foggy/hazy condition. For scenarios
involving sun-glare/direct-light exposure, the 1mage quality
from an RGB camera would degrade as direct exposure
clips/saturates the light sensor array, which may affect not
only the exposed image region but also its neighboring
image regions. This particular scenario reduces the per-
ceived objectness by lowering the 1image entropy because of
the overly exposed pixels and its neighboring region(s).
Consequently, 1mage features from prominent objects were
suppressed. This creates arduous task for most object detec-
tion algorithms to generate proper detection.

For scenarios mvolving rainy/snowy condition, the pres-
ence of mntermediary substances such as water droplets or
snowltlakes attenuates the total amount of light entering the
camera lens with attenuation degree directly corresponds to
the intensity of either rain/snow condition. These substances
may also create 1image distortions and/or FOV obstructions
depending on how the RGB camera 1s installed and/or
designed. Similarly, scenarios that involves foggy/hazy con-
dition would also decimate the visibility of RGB camera
since the presence of humid air/pollutants absorbs a certain
degree of light intensity depending on how severe 1s the
corresponding haze/fog situation. Consequently, similar to
rainy/snowy condition, either foggy/hazy condition would
also provide a challenge for most object detection algorithm
to perform analysis such as feature extraction since most
high-frequency mformation are suppressed.

As practical instances, during clear afternoon condition
shown 1 FIG. 2A, the perceived objectness 1s clear with
considerable contrast and 1image visibility. However, adverse
conditions shown 1n FIG. 2B such as imbalanced intensities
in low light environment as well as heavy rain condition
have created undesirable circumstances that questions the
reliability of RGB cameras for surround object sensing on
autonomous driving vehicles. During the imbalance inten-
sities 1 low light environment, the contrast ratio was
suppressed because of excessive exposures that affects other
pixels’ mtensities to be shifted on higher range of histogram
values. During the heavy rain condition, atmospheric chan-
nel has increased due to presence of airborne substances that
attenuated the amount of traveling light to the sensor array.
These conditions demonstrate the limitations of RGB cam-
gras as passive sensing device.

In practical perspective, the utilization of software solu-
tion as an image preprocessing function to enhance the
quality of RGB 1mages could become an element of patch
for RGB cameras, of which image quality 1s commonly
decimated by adverse weather conditions. Yet, hardware
improvement for RGB cameras 1s necessary as a comple-
menting patch for any software solution to sigmificantly
address the reliability of RGB camera during any type of
weather conditions (either adverse or normal). In 1mage
preprocessing function, the RGB 1mage 1s processed either
pixel-wisely or region-wisely with common aims to enhance
the 1mage contrast as well as to improve the perceived
objectness through selective filtering (i.e. haze removal).

FIG. 2C compares the performance of an object detection
algorithm 1n related arts (for example, YOLOvV3 as taught by
J. Redmon et al., “YOLOvV3: An Incremental Improvement,”
arXiv: 1804.02767, April 2018) with input images from both
original and processed RGB versions. The original RGB
images were obtained directly from corresponding camera
during adverse weather condition such as (left-top to right-
bottom) overexposed, underexposed, rainy condition and
foggy condition. On the other hand, the processed RGB
images are the product of 1mage preprocessing function on
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the corresponding original RGB images; thus, it can be
called an enhanced version of the original RGB 1mages. In

this related art, image dehazing and high dynamic range
(HDR) enhancement were used as the image preprocessing
function.

Referring to FIG. 2C, 1n this related art, the detection rates
of the implemented object detection algorithm using original
RGB 1images are lower compared to the detection rates of the
implemented object detection algorithm using processed
RGB 1mages. This condition has suggested that the image
preprocessing was able to enhance the perceived objectness
of the original RGB 1mages; thus, enabling higher image
visibility for the algorithm’s classifier to detect any previ-
ously conceirved objects. In addition, 1n terms of {false
positive rate, both original and processed RGB images are
identically low. Although in a perspective, this condition
could be contributed from the robustness of implemented
object detection algorithm 1n this related art; this condition
may demonstrate the capability of 1image preprocessing in
avoiding over-enhancement that would create undesired
artefact that would result 1n false positive(s).

According to the aforementioned, an image preprocessing
technique to regulate and to improve the perceived quality of
RGB 1mages 1s important for subsequent computational
photography. The application of processed RGB images
could be stretched within the scope of computer and
machine vision. The most common application 1s autono-
mous driving vehicle that includes ground, aerial or marine
vehicles, which would require RGB cameras as sensing
devices. However, since it has been demonstrated that those
RGB cameras may have quality degradation over assorted
adverse weather situations, an 1image preprocessing function
1s required as a solution patch that would improve both
image contrast and perceived object under various weather
conditions (either adverse or normal weather conditions)
without resulting 1n any false or over enhancement effect.

SUMMARY OF THE DISCLOSURE

Accordingly, the disclosure 1s directed to an 1image dehaz-
ing method and an 1mage dehazing apparatus using the same
method.

In an aspect, the disclosure 1s directed to an image
dehazing method, and the method would 1include not limited
to: receiving an nput image; dehazing the image by a
dehazing module to output a dehazed RGB image; recov-
ering 1mage brightness of the dehazed RGB image by a high
dynamic range (HDR) module to output an HDR 1mage; and
removing reflection of the HDR image by a ReflectNet
inference model, wherein the ReflectNet interence model
uses a deep learning architecture.

In an aspect, the disclosure 1s directed to an i1mage
dehazing apparatus which includes not limited to: a sensor
and a processor coupled to the sensor. The processor 1s
configured at least to: receiving an mnput image; dehazing the
image by a dehazing module to output a dehazed RGB
image; recovering image brightness of the dehazed RGB
image by an HDR module to output an HDR 1mage; and
removing reflection of the HDR image by a ReflectNet
inference model, wherein the ReflectNet inference model
uses a deep learning architecture.

To make the aforementioned more comprehensible, sev-
eral embodiments accompanied with drawings are described
in detail as follows. It 1s to be understood that both the
foregoing general description and the following detailed
description are exemplary and are mntended to provide
turther explanation of the disclosure as claimed.
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It should be understood, however, that this summary may
not contain all of the aspect and embodiments of the
disclosure and 1s therefore not meant to be limiting or
restrictive 1n any manner. Also, the disclosure would include
improvements and modifications which are obvious to one
skilled 1n the art.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
further understanding of the disclosure, and are incorporated
in and constitute a part of this specification. The drawings
illustrate exemplary embodiments of the disclosure and,
together with the description, serve to explain the principles

of the disclosure.

FIG. 1 illustrates an Autonomous Driving Vehicle (ADV)
that utilizes different 1imaging sensors to sense the surround-
ing environments for obstacles.

FIG. 2A illustrates images acquired by an RGB camera 1n
clear afternoon condition.

FIG. 2B 1illustrates that RGB cameras are susceptible for
adverse conditions such as night exposure, heavy rain, sun
exposure, heavy fog, and dim night.

FIG. 2C illustrates eflects of image preprocessing on RGB
images for an object detection algorithm.

FIG. 3 1s a flow chart which 1llustrates steps of an 1mage
dehazing method 1n accordance with one of the exemplary
embodiments of the disclosure.

FIG. 4 1llustrates a block diagram of an 1mage dehazing
apparatus in accordance with one of the exemplary embodi-
ments of the disclosure.

FIG. 5 1s a flow chart which 1llustrates steps of an 1image
dehazing method 1n accordance with one of the exemplary
embodiments of the disclosure.

FIG. 6 1llustrates an implementation example of an 1nput
RGB image and an output RGB image processed by an
image dehazing method i1n accordance with one of the
exemplary embodiments of the disclosure.

FIG. 7 1s a detailed flow diagram which 1illustrates steps
of an image dehazing method 1n accordance with one of the
exemplary embodiments of the disclosure.

FIG. 8 1s a detailed flow diagram which 1llustrates algo-
rithms of a dehazing module 1n accordance with one of the
exemplary embodiments of the disclosure.

FIG. 9 1llustrates an implementation example of an 1nput
RGB 1mage and an output dehazed image processed by
algorithms of a dehazing module.

FIG. 10 1llustrates an implementation example of an 1input
RGB image and a least channel map processed by a Least
Channel Estimation algorithm in a dehazing module 1n
accordance with one of the exemplary embodiments of the
disclosure.

FIG. 11 1illustrates an implementation example of an
inverted least channel map and a haze transmission map
processed by a Guded Filtering algorithm in a dehazing
module 1n accordance with one of the exemplary embodi-
ments of the disclosure.

FIG. 12 illustrates an implementation example of an
Atmospheric Detection algorithm in a dehazing module
finding an intensity value from a haze transmission map 1n
accordance with one of the exemplary embodiments of the
disclosure.

FIG. 13 illustrates an implementation example of a Linear
Color Reconstruction algorithm in a dehazing module recov-
ering a dehazed RGB 1mage in accordance with one of the
exemplary embodiments of the disclosure.
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FIG. 14 1s a detailled flow diagram which illustrates
algorithms of an HDR module 1n accordance with one of the

exemplary embodiments of the disclosure.

FI1G. 15 illustrates an implementation example of an input
dehazed image to an HDR module and an output HDR
image processed by an HDR module in accordance with one
of the exemplary embodiments of the disclosure.

FIG. 16 1s a flow diagram which illustrates enhancing
image brightness of a dehazed RGB i1mage by a Naka-
Rushton Compensator in accordance with one of the exem-
plary embodiments of the disclosure.

FI1G. 17 1llustrates an implementation example of enhanc-
ing 1mage contrast of a dehazed RGB 1mage by a Local
Histogram Operation in accordance with one of the exem-
plary embodiments of the disclosure.

FIG. 18 1s a flow diagram which illustrates removing
reflection of an HDR 1mage by a RetlectNet inference model
in accordance with one of the exemplary embodiments of
the disclosure.

FI1G. 19 illustrates an implementation example of an input
dehazed image and an output HDR 1mage processed by a
ReflectNet inference model 1n accordance with one of the
exemplary embodiments of the disclosure.

FIG. 20 illustrates an implementation example of an
encoder-decoder architecture of a ReflectNet inference
model 1 accordance with one of the exemplary embodi-
ments of the disclosure.

FIG. 21 illustrates an implementation example of an
original RGB 1mage and a reflection version of the RGB
image 1n a dataset used to train a ReflectNet inference model
in accordance with one of the exemplary embodiments of
the disclosure.

FIG. 22 1s a table which compares an implementation
example of an 1image dehazing method with a benchmark
method 1n related art.

FIG. 23 1s a table which compares performance evalua-
tions of an implementation example of an 1image dehazing
method with a benchmark method 1n related art.

FIG. 24 1llustrates examples of input original images and
output 1mages processed by an image dehazing method 1n
accordance with one of the exemplary embodiments of the
disclosure, 1n comparison with output 1images processed by
a benchmark method in related art.

FIG. 25 1s a table which illustrates performance evalua-
tions of object detection on RGB images processed by an
image dehazing method 1n accordance with one of the
exemplary embodiments of the disclosure 1n comparison
with the performance evaluations of object detection on
original RGB 1mages and RGB images processed by a
benchmark method 1n related art.

FIG. 26 illustrates implementation examples of an object
detection algorithm on original images, 1mages processed by
benchmark method 1n related art, and 1mages processed by
an 1mage dehazing method in accordance with one of the
exemplary embodiments of the disclosure.

DETAILED DESCRIPTION OF DISCLOSED
EMBODIMENTS

Reference will now be made in detail to the present
exemplary embodiments of the disclosure, examples of
which are 1llustrated in the accompanying drawings. Wher-
ever possible, the same reference numbers are used in the
drawings and the description to refer to the same or like
parts.

For the above described challenges, the disclosure pro-
vides a hybrid image processing framework to solve various
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challenges that might be encountered in deployment of
digital vision technology. The framework 1s to be explained
from the perspective of an 1mage dehazing apparatus that
uses an 1mage dehazing method. The apparatus could be
disposed within, for example, automated or any robotic
systems 1n outdoor environments, such as autonomous
vehicles, aerial drones, and marine drones, etc. The appa-
ratus would include not limited to a sensor and a processor
coupled to the sensor, and the processor 1s configured at least
to recerve an mnput image, dehaze the image by a dehazing
module to output a dehazed RGB 1mage, recover image
brightness of the dehazed RGB 1mage by an HDR module to
output an HDR image, and remove reflection of the HDR
image by a RetlectNet inference model, wherein the Reflect-
Net inference model uses a deep learning architecture.
Through the provided framework, image quality could be
enhanced, and performance of subsequent processing such
as object detection and image segmentation could be
improved.

FIG. 3 1s a flow chart which 1llustrates steps of an 1image
dehazing method 1n accordance with one of the exemplary
embodiments of the disclosure. In step S301, the image
dehazing apparatus would receive, through the sensor, an
input 1image. In step S302, the image dehazing apparatus
would dehaze the image by a dehazing module to output a
dehazed RGB image. In step S303, the image dehazing
apparatus would recover image brightness of the dehazed
RGB 1mage by an HDR module to output an HDR 1mage. In
step S304, the image dehazing apparatus would remove
reflection of the HDR i1mage by a ReflectNet inference
model, wherein the ReflectNet inference model uses a deep
learning architecture.

FIG. 4 1llustrates a block diagram of an 1mage dehazing
apparatus in accordance with one of the exemplary embodi-
ments of the disclosure. The image dehazing apparatus 40
would 1nclude not limited to a sensor 401 and a processor
402 coupled to the sensor 401. The processor 402 would be
configured at least to receive an input image, dehaze the
image by a dehazing module to output a dehazed RGB
image, recover image brightness of the dehazed RGB 1mage
by an HDR module to output an HDR 1mage, and remove
reflection of the HDR image by a ReflectNet inference
model, wherein the ReflectNet inference model uses a deep
learning architecture.

FIG. 5 1s a flow chart which 1llustrates steps of an 1image
dehazing method 1n accordance with one of the exemplary
embodiments of the disclosure. In step S501, the image
dehazing apparatus would receive an mput RGB image
through the sensor. In step S502, 1n one of the exemplary
embodiments, the image dehazing apparatus would dehaze
the RGB 1mage and output a dehazed RGB 1mage by an
image dehazing module. To be more specific, the image
dehazing apparatus could detect and recover the attenuation
cllects that are contributed from the presence of haze/rain or
any other itermediary substances between camera sensor
and objects. In one embodiment, the image dehazing module
could be designed with a traditional computer vision to
detect haze volume based on depth perception and then
linearly compensate or recover the aflected pixels, while
preserving the sense of depth in the 2D RGB image.
Concretely, the image dehazing apparatus could recover
pixels from haze or rain that genuinely increase image
brightness. In step S503, in one of the exemplary embodi-
ments, the 1mage dehazing apparatus would recover 1image
brightness of the dehazed RGB 1mage by an HDR module to
output an HDR 1mage. To be more specific, the HDR module
could be designed to improve the dynamic range of the
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corresponding RGB image. In one embodiment, the image
dehazing apparatus could compensate the 1mage darkening
that might be introduced by the image dehazing module or
naturally from low-light environment. Concretely, the image
dehazing apparatus could create a brightness enhancement
that finds a balance between the low-light pixels against any
bright-light pixels. In step S504, the image dehazing appa-
ratus would remove retlection of the HDR image. In one of
the exemplary embodiments, the reflection removal could
employ a machine learning approach with native function-
ality for image segmentation, of which task 1s to separate the
reflection map from the input 1mage to obtain the retlection-
free output 1image. Concretely, 1n one embodiment, retlec-
tion removal could be implemented by a ReflectNet infer-
ence model which may use a deep learning architecture such
as an encoder-decoder network.

FIG. 6 1llustrates an implementation example of an input
RGB image and an output RGB image processed by an
image dehazing method 1n accordance with one of the
exemplary embodiments of the disclosure. Referring to FIG.
6, image 601 1s an example of mput RGB image that could
be received by the sensor as shown 1n step S501 of FIG. 5,
and 1mage 602 1s an example of output RGB image that
could be generated 1n step S305 of FIG. 5 after the image
601 had gone through the processing of step S502~5504 as
shown 1n FIG. 5.

FIG. 7 1s a detailed flow diagram which 1illustrates steps
of an 1mage dehazing method 1n accordance with one of the
exemplary embodiments of the disclosure. In step S701, the
image dehazing apparatus would receive an mput RGB
image through the sensor. The mput RGB 1mage could be
denoted as I( ) In one of exemplary embodiments, in step
5702, the input RGB 1mage I( ) 1s firstly processed by image
dehazing module to remove adverse effects from haze, rain
or any other intermediary medium that shall attenuate the
amount of light recerved by the camera sensor. Concretely,
in one embodiment, the image dehazing module 1n step S702
could be implemented by four submodules: (a) Least Chan-
nel Estimation (b) Guded Filtering (¢) Atmospheric channel
Detection (d) Linear Color Reconstruction. After the input
RGB 1mage I( ) 1s processed by the image dehazing module,
an output dehazed 1mage denoted as I,,( ) could be gener-
ated.

In step S703, 1n one of the exemplary embodiments, the
HDR module could recover the decimation of image bright-
ness that might be contributed from either image dehazing
module that darkens the image and/or exposures from light
or low light environment. More specifically, the HDR mod-
ule 1includes two submodules: Naka-Rushton compensator
and Local Histogram Equalization (LHE) operation. Naka-
Rushton compensator 1s a compensating formula to recover
image brightness from any under- or over-exposures. This
compensation could take statistical information from the
dehazed 1mage 1,,( ) which was computed during initializa-
tion. LHE operation 1s a local histogram equalization tech-
nique that could enhance i1mage contrast for each color
channel (r, g, b) for any loss of contrast that might be
induced from Naka-Rushton compensator. After the dehazed
image I ,( ) 1s processed by the HDR module, an HDR image
denoted as I.{ ) could be generated.

In step S704, in one of the exemplary embodiments, the
reflection removal module could use a machine learning
approach, namely, a ReflectNet Inference Model that could
be based on a deep learning architecture. In one embodi-
ment, the ReflectNet Inference Model could be implemented
by an encoder-decoder network with pretrained model from
a segmentation architecture. The encoder side and pretrained
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model (from segmentation architecture) would create hyper-
column features that would be decoded by the decoder side
for separation of a reflection map against the output RGB
image denoted as O( ).

FIG. 8 1s a detailed flow diagram which illustrates algo-
rithms of a dehazing module 1n accordance with one of the
exemplary embodiments of the disclosure. The dehazing
module could be mathematically formulated as follows:

I(x)=Ip(x) T(x)+4(1-T(x)), (1)

where I( ) 1s the mput RGB 1mage, 15( ) 1s the output
dehazed image, T( ) 1s a haze transmission map, A 1s an
Atmospheric coellicient, and x 1s a pixel location.

At step S801, 1n one of the exemplary embodiments, the
least channel estimation 1n atmospheric detection was
designed based on the nature of haze/rain or any interme-
diary medium expressed 1in equation (1). With the absence of
haze or haze-free 1image, the color saturation of most pixels
would retlect the actual color of the objects, whereas the
presence of haze would introduce attenuation eflfect that
increases the 1mage brightness and reduces the color satu-
ration. In the event of haze-free 1mages, at least a color
channel of the mput RGB mmage I( ) would fall in the
low-end spectrum of intensity. In other words, by observing
the color channel with the least pixel value would reflect to
the presence of haze medium as shown 1n equation (1).

Concretely, 1n one embodiment, the least channel estima-
tion 1mplements a block-wise operation that segments the
input RGB 1mage I( ) into n(£2) number of block segments,
where €2(x) 1s the block segment with center coordinate at x,
to estimate the least channel pixel values of the correspond-
ing £2(x) as formulated 1n the following expression:

I(x) = min (mjn (fﬂ(y))), (2)

celr,g.b) | yelix)

where r, g, b are the color channel in the input RGB 1mage
I{ ) The dimension of £2(X) 1s a user-constraint that could be
fine-tuned to achieve desired dehazing performance. Higher
dimension of £2(x) would constitute lower resolution of least
channel map I( ); whereas lower dimension of Q(x) may
create over estimation of the least channels.

At step S802, mn one of the exemplary embodiments,

guided filtering 1s implemented as taught by A. Levin, D.
Lischinski, and Y Weiss. A Closed Form Solution to Natural
Image Matting. Computer Vision and Pattern Recognition,
vol. 1, pp. 61-68, 2006., that 1s, by refining the shape of the
inverted least channel map I( ) into a haze transmission map
T( ) based on color and shape information 1n the mnput RGB
image I( ) Concretely, 1n one embodiment, the guided
filtering can be formulated as follows:

(L+AE)T(x)=M1-1(x)), (3)

where E 1s 1dentity matrix with size of I( ) and A 1s parameter
for soit constraint. The value of A would determine how
much mfluence does I( ) to control the shape refinement in
I(). Notice that in (3), the least channel map I( ) was inverted
since T( ) would have to reflect the transmission of haze. It
means that low values 1n T( ) represent near objects or low
haze-induced effects, while low values in I( ) correspond to
the contrary of T( ).

More specifically, in one embodiment, the L 1n (3) 1s a
Laplacian matrix formulated as follows:
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(4)

n(; )Eg)_l (I —m)),

I = Z (ﬁjj — H({,ldk)(l +(fg —ﬂ;{)T(U} +

k|1, )ewy,

where II,IJ, are colors of I( ) at 1,) pixels, p,; 1s the Kronecker

delta, w, 1s window kernel with size of n( ), u,,0, are mean
and covariance in m,, € 1s the regularizing parameter and E,
1s 1dentity matrix (analogous to E 1n equation (3)) with 3x3
dimension.

At step S803, 1n one of the exemplary embodiments, the
atmospheric coellicient could be estimated using the atmo-

spheric channel detection. Said submodule finds the inten-
sity value of I( ) from the lowest pixels in T( ) as math-
ematically expressed as follows:

A = nlinT(x), ()

Note that this submodule does not estimate the Atmospheric
coellicient based on the brightest pixel 1n the image as 1t may
not be the correct representation of the airlight intensity. The
utilization of T ensures the location of pixel that reflect the
airlight intensity by assuming large transmission value to be
the farthest object/environment; 1n other words, the airlight
intensity.

At step S804, 1n one of the exemplary embodiments, after
the haze transmission map T( ) and the Atmospheric coel-
ficient A could be determined, the linear color reconstruction
could recover the color channels 1n I( ) against any haze
cllect using the haze transmission map T( ) and Atmospheric
coellicient A. The operation 1s a pixel-wise calculation over
cach color channel as formulated 1n the following:

I(x) —
T(x)

6
Ip() = ©)

FIG. 9 1llustrates an implementation example of an iput
RGB 1mage and an output dehazed image processed by
algorithms of a dehazing module. Referring to FIG. 9, the
linear color reconstruction i1s able to remove/suppress the
haze-induced i1mage 901 into a haze-free image 902.
Although the haze-free 1image 902 1ntroduces better visibil-
ity; the overall image brightness was reduced since the
nature ol image dehazing 1s to reduce brightness from
haze-induced images.

FI1G. 10 illustrates an implementation example of an input
RGB mmage 1001 and a least channel map 1002 processed by
a Least Channel Estimation algorithm 1n a dehazing module.
The Least Channel Estimation algorithm calculates the least
channel map 1002 of the mput RGB 1mage 1001 based on
a block operation. At the presence of haze, the pixel value of
an object would be mfluenced accordingly with its relative
position to the camera. In FIG. 10, the least channel map
1002 constitutes a depth-like map, which 1s perceived 1ndi-
rectly as haze medium creates a sense of depth perception.
Since least channel estimation uses channel with least pixel
value; the presence of bright or highly saturated object(s)
would influence the depth-like effect in the least channel
map 1002 as like the tratlic light shown 1n FIG. 10.

FIG. 11 illustrates an implementation example of an
inverted least channel map 1101 and a haze transmission
map 1102 processed by a Guided Filtering algorithm 1n a

dehazing module. As shown 1n FIG. 11, the Guided Filtering
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algorithm smoothens the coarse shape of the mverted least
channel map 1101 as well as rectifying false estimation of
least channel based on the color and shape information
provided 1n I using Laplacian transformation. The profile of
the objects could be perceived with higher resolution in the
haze transmission map 1102.

FIG. 12 illustrates an implementation example of an
Atmospheric Detection algorithm in a dehazing module

finding an intensity value 1203 from a haze transmission
map 1201 of a dehazed image 1202. As shown in FIG. 12,
the Atmospheric Detection algorithm could estimate the
intensity value 1203 representing the atmospheric coetli-
cient A. The intensity value 1203 is found from the lowest
pixels 1n the haze transmission map 1201. The utilization of
the haze transmission map 1201 ensures the location of pixel
that reflect the airlight intensity by assuming large transmis-
sion value to be the farthest object/environment; 1n other
words the airlight intensity.

FIG. 13 illustrates an implementation example of a Linear
Color Reconstruction algorithm in a dehazing module recov-
ering a dehazed RGB 1image 1302 from an input image 1301.
As shown 1in FIG. 13, the Linear Color Reconstruction
algorithm could remove or suppress the haze-induced 1image
in the mput 1mage 1301 and recover a haze-free 1mage
version 1n the dehazed RGB image 1302. Although the
haze-free 1mage 1302 introduces better visibility; the overall
image brightness was reduced since the nature of i1mage
dehazing 1s to reduce brightness from the mput image 1301.

FIG. 14 1s a detailed flow diagram which illustrates
algorithms of an HDR module 1n accordance with one of the
exemplary embodiments of the disclosure. At step S1401, 1n
one of the exemplary embodiments, the Naka-Rushton com-
pensator was designed with a pixel-wise segmentation and a
pixel transformation.

FIG. 15 1llustrates an implementation example of an input
dehazed 1image 1501 to an HDR module and an output HDR
image 1502 processed by an HDR module. As shown 1n FIG.
15, the HDR module recovers image brightness in the output
HDR image 1502 that might be in the input dehazed 1image
1501 due to a dehazing module which darkens 1mage or
exposures from light or low light environment.

FIG. 16 1s a flow diagram which 1llustrates enhancing
image brightness of a dehazed RGB 1mage by a Naka-
Rushton Compensator 1n accordance with one of the exem-
plary embodiments of the disclosure. Concretely, FIG. 16
illustrates details of Naka-Rushton compensator. This sub-
module starts with a color rectification that converts color
channels of an original RGB 1mage 1601 into luminance
map 1602, denoted as I, ,.. The original RGB image 1601 I,
are decomposed into r, g, b channels 1603~1605, namely,
Iy, 14 1p e respectively.

At step S1611, these maps 1603~16035 are used to com-
pute a threshold value of pixel clustering to segment the
bright pixels 1606 against dark pixels 1607 of 1, as:

(7)

Max(Up ;» 4D ¢» H4D.b)

MD vy

&(x) = (Bl = (B(X")* Ip y(x))"))

where L, . represents the mean image pixel of I, at c”
channel. There are two coeflicients 1n (7) that non-linearly
and linearly scale the luminance n I, namely o and [5. A
bilinear filter kernel called B 1s employed to smooth out
noises from I,

At step 1612 from the pixel-based segmentation, the
threshold value E, could be used to segment the original RGB
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image 1601 I, into different color channels 1603~1603. 1, -
are segmented based on € and pixels are transformed with
the following mathematical expression:

(8)

r Ip ¢ ()
Ip (%) + HE? (x)
1 — Ipo(x)

(1 = Ipo(x)) + HpZ (x)

(E(x) + HEY (X))

Ib}ﬂ(x) = <
] —

(1 - &0+ Hp2 (%)),

where H,, “°* and H,, """ are the compensation coefficients
that are computed as follows:

ni(c)

) )
HD,};(X) — EZ 1 - ((ID,C(X) + ((ID,}? (X) + 03)1“,5',(:))

ID,}? (XJ#D,:: ]
Ipc(X)up,y J

and

(10)

Referring to FI1G. 14, at step S1402, in one embodiment,
LHE operation 1s a local histogram equalization technique
that enhances 1image contrast for each color channel (r, g, b)
for any loss of contrast that might be induced from Naka-

Rushton compensator.

FIG. 17 1llustrates an implementation example of enhanc-
ing 1mage contrast ol a dehazed RGB image 1,5( ) 1701 and
output an HDR mmage 1,( ) 1702 by a Local Histogram
Operation. As shown 1n FIG. 17, the contrast in the HDR
image 1.,( ) 1702 could be enhanced by the Local Histogram
Operation. The contrast may be reduced because of Naka-
Rushton compensator that equalizes brightness but may lose
contrast ratio 1n the dehazed RGB 1image 1,,( ) 1701.

FIG. 18 1s a flow diagram which illustrates removing
reflection of an HDR 1mage by a RetlectNet inference model
in accordance with one of the exemplary embodiments of
the disclosure. At step S1801, in one embodiment, the
ReflectNet inference model could be designed with a com-
bination of normal and dilated convolutions, which are
commonly utilized for segmentation network.

FI1G. 19 illustrates an implementation example of an input
dehazed mmage 1901 and an output HDR image 1902
processed by a ReflectNet inference model. As shown in
FIG. 19, the ReflectNet inference model suppress any retlec-
tion-induced artefacts 1n the output HDR 1mage 1902 from
the mput dehazed image 1901 that might have been con-
tributed from the enhancement of minor reflections by HDR
enhancement or natively from the retlection condition.

FIG. 20 1illustrates the architecture of the ReflectNet
inference model 1 one exemplary embodiment. The
ReflectNet inference model may use an encoder-decoder
network with pretrained model from a segmentation archi-
tecture. The encoder side and pretrained model (from seg-
mentation architecture) would create a hypercolumn fea-
tures that would be decoded by the decoder side for
separation of reflection map against the output RGB 1mage.
The encoder-decoder architecture i1s tramned for learning
teatures related to retlection removal; while the pretrained
model provide learned features to perform spatial segmen-
tation.

Referring to FIG. 21, 1n one embodiment, the ReflectNet
inference model could be trained using a pair of original
RGB 1mage and its reflection image. In this embodiment, the
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dataset 1s generated using ImageMix function that blends
two 1mages 1mnto a blended image. The original RGB 1mage
would be used as ground truth, while the blended image as
input.

In one of the exemplary embodiments, GT, denotes the
original RGB 1mage, and I( ) denotes the blended 1mage or
any retlection-induced RGB image; O( ) and O,( ) are output
reflection-removed RGB 1mage and estimated reflection
map, respectively. Loss function 1s calculated as:

L(0)=w L (8)+w-L ,(6)+w3L (6), (11)

where w are weights to equalize losses and 0 1s network
weights. There are three loss functions 1n (11) that includes
teature loss, adversarial loss and gradient loss. Feature loss
1s computed as follows:

Li@= Y > (GTr) - $u(OU, O, (12)

(1,0)ed |

This loss compares selected features at 1 layer difference
when model running ground truth GT, against the result
from mput RGB mmage I({ ) Adversanal loss measures the
negative logarithmic probability of O( ) to have natural
ground truth as follows:

Lo(0) = ) ~logD(I, O, ). (13)

fcé

Finally, the gradient loss measures the contrast comparison
between ground truth and resultant image, which 1s formu-
lated as follows:

L,(9) = (14)

>

Y
fcéd pn=1

|V Orllg
|V Ol|r

IV Oll£ ]
IV Oxll -

a0 [T |cnf |

The hyperbolic tangent 1n this loss function i1s used to
minimize edge discrepancy between O( ) and Ogy( ) that
edges 1n I( ) should either from O( ) or O,( ), not both.
FIG. 22 1s a table which compares an implementation
example of an image dehazing method with a benchmark
method 1n related art. Referring to FIG. 22, the performance
evaluation consists of two methods: (a) proposed method
and (b) benchmark method. Both methods are image pre-
processing algorithms with similar framework. Based on the
flow diagram i FIG. 5, the proposed method includes:
image dehazing, HDR enhancement and retlection removal.
To ensure evaluation fairness, the benchmark method 1s
made to conform with the generalized framework with each
function are constructed from the prior state of the arts. For
instance, 1image dehazing 1s represented with color attenu-
ation as taught by D. Ngo et al, “Improved Color Attenuation
Prior for Single-Image Haze Removal,” Applied Science,
[Online], September 2019.; HDR enhancement i1s repre-
sented with histogram equalization as taught by OpenCYV,
“Histogram Equalization,” Open Source Computer Vision,
|Online], July 2020.; reflection removal 1s represented with
CEILNet as taught by Q. Fan et al, “4 Generic Architecture
for Single Image Reflection Removal and Image Smooth-
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ing,” ICCYV, 2017. Both proposed and benchmark methods
are 1mplemented with identical hardware and software as
shown 1n FIG. 22.

FIG. 23 1s a table which compares performance evalua-
tions of an implementation example of an 1image dehazing
method with a benchmark method 1n related art. In one of the
exemplary embodiments, various metrics 1ncluding
Entropy-based Measurement Enhancement (EME) 2301,
Contrast Improvement Index (CII) 2302, Intensity Measure
(IM) 2303 could be implemented to perform quantitative
assessment of the perceptual quality between the benchmark
method 1n related art and the proposed image dehazing
method.

Entropy-based Measurement Enhancement (EME) 2301
1s a metric to find the improvement index of output com-
pared to mput based on entropy measure. Larger score of
EME represents higher index of entropy information. The

maximum value of EME 2301 1s . In one embodiment,
EME 2301 1s calculated as:

1 bn}axN )Oy(b) (15)
=h<(p+
TP — xINe 0In
=2 Ny min  O,(b)
EME — p=b<(p+Ny)
- | bn}axN )I},(b) '
=h<(p+
S0P I o0In
7= Ny min  [,(b)
p=b<(p+Ny)

where N, 1s total pixel i the compared image, N, 1s the
dimension of block size and I, also O, are reterence and
input 1mages.

Contrast Improvement Index (CII) 2302 1s a metric to find
the improvement 1index of output compared to 1nput based
on contrast measure. Larger score of CII 2302 represents
higher index of contrast improvement. The maximum value
of CII 2302 1s co. In one embodiment, CII 2302 1s formulated

as follows:

max O,(b)— min O, 16
Np p=b<(p+Np) y( : p=b<(p+Ny) y( : 26)
p=y  Max O,b)+ min O,(b)
ol — p=b<(p+Np) p=b<(p+Np)
- max I(b)— min [,(b) °
Np  psb<(p+Np) p=b<(p+Np)
: :_ max [,(b)+ min [,(b
P=Lpcbeping) () p<b<(p+Np) (%)

where N, 1s total pixel in the compared image, N, is the
dimension of block size and I, also O,, are reference and
input 1mages.

Intensity Measure (IM) 2303 1s a metric to find the ratio
of brightness perseverance based on the original image.
Larger score of IM 2303 represents better perseverance of
image brightness. The maximum value of IM 2303 1s 1. In

one embodiment, IM 2303 1s defined as:

Iy, O, (17)

v, Iy

IM =

where N 1s total pixel in the compared image, and [, also O,
are reference and input images.

In one embodiment, the evaluation was performed on all
three stages based on the generalized framework, sequen-
tially. According to evaluations 1 FIG. 23, the proposed
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method outperformed the benchmark method 1n all of the
metric 1n all of the stages. This includes 1mage dehazing,
HDR submodule and reflection removal functions. Based on

the final result scores (see reflection removal results), the
proposed method achieved CII=2.695 and EME=2.336 or

+39.9% higher and +17.5% higher than the benchmark
method. These results suggested that the proposed method
could enhance the contrast and entropy information 1n RGB
1mages.

In one embodiment, 1n terms of intensity measurement
ratio, the proposed method was able to preserve brightness
in average of 74.8%; while the benchmark method was able
to preserve brightness 1n average of 55.2%. This result may
demonstrate the capability of the proposed method to keep
the brightness as the original 1image would provide; while
removing the haze, reflections and contrast ratio. Aside from
the perceptual indexes, the proposed and benchmark meth-
ods were also assessed 1n according to the time complexity.
FIG. 23 shows the time complexity of the proposed method
was lower than the benchmark method in all of the function
categories. This demonstrates the efliciency of the proposed
method against the related art.

FIG. 24 1llustrates examples of input original images and
output 1mages processed by an image dehazing method 1n
accordance with one of the exemplary embodiments of the
disclosure, 1n comparison with output images processed by
a benchmark method in related art. Referring to FIG. 24,
qualitatively, the benchmark method was not able to robustly
remove the haze eflect as 1t introduces several over-smooth-
ing artefacts as well as over-darkening eflect that reduces
image visibility. On the other hand, the proposed method
was able to remove haze with slight brightness loss and
proper color reproduction compared to original RGBs.

FIG. 25 1s a table which illustrates performance evalua-
tions of object detection on RGB i1mages processed by an
image dehazing method i1n accordance with one of the
exemplary embodiments of the disclosure 1n comparison
with the performance evaluations of object detection on
original RGB 1mages and RGB 1mages processed by a
benchmark method 1n related art. The evaluation uses IoU-
based calculation to fine the percentage of overlap between
the prediction and ground truth as:

Bp (1 Bg (13)

fol/ =
Bp+Br—(Bp[]Bg)

where B,, and B, are detection box and ground truth data,
respectively.

Referring to FIG. 25, 1 one embodiment, using the IoU
information, true positive (TP), false positive (FP) and false
negative (FN) are measured to obtain accuracy (ACC) 2501
and false positive rate (FPR) 2502 that are formulated as
follows:

TP
TP+ FP+ FN

FP
TP+ FP

(19)

ACC = and FPR =

In one embodiment, according to experiments 1n FIG. 25,
the resultant 1images from the proposed method achieved
better accuracy and false positive rates. The proposed
method was able to enhance accuracy by 8.2% and reduce
false positive rates by 10.9%, whereas the benchmark
method increased accuracy by 1.9% and increased false
positive rates by 4.2%. This phenomenon shows that the
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benchmark method may have over-enhanced its image to a
point that created undesired artefacts for YOLOV3 to infer as
objects. The visualization of object detection results are
shown 1n FIG. 26.

It will be apparent to those skilled 1n the art that various
modifications and variations can be made to the disclosed

embodiments without departing from the scope or spirit of

the disclosure. In view of the foregoing, 1t 1s intended that
the disclosure covers modifications and variations provided
that they fall within the scope of the following claims and
their equivalents.

What 1s claimed 1s:

1. An 1image dehazing method comprising:

receiving an image;

dehazing the image by a dehazing module to output a

dehazed RGB image;
recovering 1image brightness of the dehazed RGB 1mage
by an HDR module to output an HDR 1mage; and

removing retlection of the HDR image by a ReflectNet
inference model, wherein the ReflectNet inference
model uses a deep learning architecture,

wherein the step of dehazing the image by a dehazing

module to output a dehazed RGB 1mage further com-

prising:

estimating an inverted least channel map by a Least
Channel Estimation algorithm:;

refining the inverted least channel map into a haze
transmission map by a Guided Filtering algorithm:;

finding an intensity value of the haze transmission map
by an Atmospheric Detection algorithm; and

recovering a dehazed RGB 1mage by a Linear Color
Reconstruction algorithm.

2. The method of claim 1, wherein the step of estimating
an mverted least channel map by a Least Channel Estimation
algorithm further comprising:

segmenting the image nto a plurality of block segments,

wherein each of the block segment comprising a center
pixel; and

finding a pixel with the lowest intensity value of a block

segment for all color channels.

3. The method of claim 1, wherein the step of refining the
inverted least channel map into a haze transmission map by
a Guided Filtering algorithm further comprising;:

smoothening the mverted least channel map using a soft

constraint parameter to control shape refinement; and
rectifying the inverted least channel map using a Lapla-
clan matrix.

4. The method of claim 1, wherein the step of finding an
intensity value of the haze transmission map by an Atmo-
spheric Detection algorithm further comprising;:

finding a pixel that has the lowest intensity value 1n the

haze transmission map.

5. The method of claim 1, wherein the step of recovering
a dehazed RGB mmage by a Linear Color Reconstruction
algorithm further comprising:

performing a pixel-wise operation to calculate an intensity

value of the dehazed RGB image using the haze
transmission map and an Atmospheric coelflicient,
wherein the Atmospheric coeflicient 1s found by the
Atmospheric Detection algorithm.

6. The method of claim 1, wherein the step of recovering
image brightness of the dehazed RGB image by an HDR
module to output an HDR 1mage further comprising:
enhancing image brightness of the dehazed RGB 1mage

by a Naka-Rushton Compensator; and
enhancing image contrast of the dehazed RGB image by

a Local Histogram Operation.
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7. The method of claim 6, wherein the step of enhancing
image brightness of the dehazed RGB image by a Naka-
Rushton Compensator further comprising:

performing a color rectification that converts a color

channel of the dehazed RGB i1mage into a luminance
map;

computing a threshold value for segmenting bright and

dark pixels 1n the dehazed RGB image using the
luminance map; and

transforming a pixel of the dehazed RGB 1mage using

compensation coeflicients computed from the lumi-
nance map.

8. The method of claim 6, wherein the step of enhancing
image contrast ol the dehazed RGB image by a Local

Histogram Operation further comprising;:

performing histogram equalization of intensity for the

dehazed RGB 1mage.

9. The method of claim 1, wherein the ReflectNet infer-
ence model further comprising an encoder-decoder network
with features of a pretrained 1mage segmentation model to
separate a reflection map from the image.

10. The method of claim 1, wherein the step of removing
reflection of the HDR image by a RetlectNet inference
model, the method further comprising:

encoding features from the HDR image; and

decoding the features to output an RGB image.

11. The method of claam 1, wherein the ReflectNet
inference model 1s trained with a loss function comprising:

a feature loss:

an adversarial loss; and

a gradient loss.

12. An 1mage dehazing apparatus comprising:

a sensor; and

a processor coupled to the sensor and the processor 1s

configured at least for:
receiving an image;
dehazing the image by a dehazing module to output a
dehazed RGB image;
recovering 1mage brightness of the dehazed RGB
image by an HDR module to output an HDR 1mage;
and
removing reflection of the HDR 1mage by a ReflectNet
inference model, wherein the ReflectNet inference
model uses a deep learning architecture,
wherein the processor 1s further configured for:
estimating an inverted least channel map by a Least
Channel Estimation algorithm;
refining the inverted least channel map nto a haze
transmission map by a Guided Filtering algorithm;
finding an intensity value of the haze transmission
map by an Atmospheric Detection algorithm; and
recovering a dehazed RGB 1mage by a Linear Color
Reconstruction algorithm.

13. The apparatus of claim 12, wherein the processor 1s
configured for estimating the inverted least channel map by
the Least Channel Estimation algorithm further configured
for:

segmenting the image into a plurality of block segments,

wherein each of the block segment comprising a center
pixel; and

finding a pixel with the lowest intensity value of a block

segment for all color channels.

14. The apparatus of claim 12, wherein the processor 1s
configured for refining the inverted least channel map into
the haze transmission map by a Guided Filtering algorithm
further configured for:
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smoothening the mverted least channel map using a soft

constraint parameter to control shape refinement; and

rectifying the inverted least channel map using a Lapla-
clan matrix.

15. The apparatus of claim 12, wherein the processor 1s

configured for finding the intensity value of the haze trans-

mission map by the Atmospheric Detection algorithm fur-
ther configured {for:

finding a pixel that has the lowest intensity value 1n the

haze transmission map.

16. The apparatus of claim 12, wherein the processor 1s
configured for recovering the dehazed RGB i1mage by the
Linear Color Reconstruction algorithm further configured
for:

performing a pixel-wise operation to calculate an intensity

value of the dehazed RGB image using the haze
transmission map and an Atmospheric coellicient,
wherein the Atmospheric coeflicient 1s found by the
Atmospheric Detection algorithm.

17. The apparatus of claim 12, wherein the processor 1s
configured for recovering image brightness of the dehazed
RGB mmage by an HDR module to output an HDR image
turther configured for:

enhancing image brightness of the dehazed RGB image

by a Naka-Rushton Compensator; and

enhancing image contrast of the dehazed RGB 1mage by

a Local Histogram Operation.

18. The apparatus of claim 17, wherein the processor 1s
configured for enhancing image brightness of the dehazed
RGB image by a Naka-Rushton Compensator further con-
figured for:
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performing a color rectification that converts a color
channel of the dehazed RGB i1mage into a luminance
mnap;

computing a threshold value for segmenting bright and

dark pixels 1n the dehazed RGB image using the
luminance map; and

transforming a pixel of the dehazed RGB 1mage using

compensation coeflicients computed from the lumi-
nance map.

19. The apparatus of claim 17, wherein the processor 1s
configured for enhancing image contrast ol the dehazed
RGB i1mage by a Local Histogram Operation further con-
figured for:

performing histogram equalization of intensity for the

dehazed RGB image.

20. The apparatus of claim 12, wherein the ReflectNet
inference model further configured for an encoder-decoder
network with features of a pretrained 1image segmentation
model to separate a reflection map from the image.

21. The apparatus of claim 12, wherein the processor 1s
configured for removing retlection of the HDR 1image by a
ReflectNet inference model, the processor further configured
for:

encoding features from the HDR image; and

decoding the features to output an RGB 1mage.

22. The apparatus of claim 12, wherein the ReflectNet
inference model 1s trained with a loss function comprising:

a feature loss;

an adversarial loss; and

a gradient loss.
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